Mitochondrial transcription factor A (TFAM), which was initially discovered as a transcription factor for mitochondrial DNA, has known to be critical for the regulation of mitochondrial DNA. However the possible involvement of TFAM in cancer is largely unknown. In this study, we have provided some evidence that TFAM may have a potential role in brain tumor. Western blot analysis with anti-TFAM antibody indicated that TFAM is overexpressed in glioblastoma cell lines including U87MG and U251MG. Transcriptome profiling of U87MG and U251MG cells by using deep-sequencing revealed that TFAM transcripts were upregulated in these cells compared to its of cerebral cortex. Confocal microscopic analysis of U251MG cells with anti-TFAM antibody showed that TFAM is located to the dot-like structure close to nucleus, probably mitochondria and endosome. Immunohistochemical analysis of glioma tissue specimens indicated that TFAM is highly upregulated. Bioinformatical analysis with Rembrandt knowledgebase also supported that TFAM mRNA is upregulated in glioma patients. Taken together, the results presented in this study obviously provided the evidence that TFAM was upregulated in glioma cell line and glioma tissue specimens. Therefore TFAM may be a novel diagnostic marker and therapeutic target for glioma and other cancer.
Introduction
Malignant gliomas are the most common primary brain tumors, and glioblastomas are among the most aggressive form of human cancers (1). Astrocytic tumors are the most common glial neoplasms, with an annual incidence of 3-4/100,000 populations, and roughly 80% are glioblastomas. Genetic defects are shared in GBM (2) . GBM is a malignant brain tumor typically resulting in death of the patient within one year following diagnosis (3) . Angiogenesis is a hallmark of cancer. Tumor cells can initiate angiogenesis, by firstly progressing an angiogenic phenotype through angiogenic switch (4) . Their characteristics are a solid linkage of extremely circuitous and large-diameter vessels (5) . The tumor vasculature is functionally unusual and this increased vessel permeability can lead to vasogenic edema and hemorrhages (6) . As the vasculature in GBMs is common with a seriously disordered vessel type, this may also limit the ability of radio-and chemotherapy by blocking blood flow (7) . Accumulated preclinical and clinical reports have provided innovative molecular targets, which may improve the therapeutic advantage from anti-angiogenic strategies (8) . At this time point, the promising drug for targeting vascular endothelial growth factor (VEGF) is bevacizumab (BEV), a recombinant antibody to block human VEGF-A (9) . Nevertheless, the reported positive effect of BEV treatment may be due to imaging restrictions causing from reduced neoangiogenesis and reduced vascular permeability at least in part, thus resulting to an obvious but debatable reduction in the contrast-enhancing tumor volume (10) . The phase III trials with avastin and radiation therapy has been performed to evaluate the effectiveness of temozolomide (TMZ)-based radio-chemotherapy with the BEV treatment for GBM patients (11) . The case study of avastin treatment (AVAglio) for GBM patients indicated a significant improvement of progression-free survival (PFS) by 4.4 months with BEV co-treatment whereas radiation therapy alone group (RTOG) with BEV co-treatment failed to show significant benefits in terms of PFS and overall survival. However, this PFS benefit did not improve the overall survival (12) . Hence it is critical to find the new target for GBM patient in clinics with the exception of the TMZ and VEGF targeting drug. Mitochondrial transcription factor A (TFAM) is a main regulator of mitochondrial transcription in mammals. Its expression level correlate to mtDNA content and gene expression (13) . Also TFAM has a function in mitochondrial DNA replication, since transcription generates an RNA primer required for initiation of mtDNA replication (14) . Abnormal function of mitochondria has been found to be connected to many metabolic disorders, including cancer (15) . Therefore the putative role of TFAM in glioblastoma was investigated since the novel therapeutic strategy is urgently needed in brain cancer.
In this study, we have provided the clear evidence to support the upregulation of TFAM in glioblastoma cell lines and the tissue from glioma patients. This information will provide critical knowledge for better understanding the regulatory mechanism of cancer as well as a promising therapeutic strategy for brain cancer. Immunoblot analysis. The western blot analysis was performed as previously described (16) (17) (18) . Briefly, cells were placed on ice and extracted with lysis buffer containing 50 mM Tris-HCl, pH 7.5, 1% v/v Nonidet P-40, 120 mM NaCl, 25 mM sodium fluoride, 40 mM β-glycerol phosphate, 0.1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, and 2 µM microcystin-LR. Lysates were centrifuged for 15 min at 12,000 x g. The cell extracts were resolved by 10-15% SDS-PAGE, and transferred to Immobilon-P membranes (Millipore). The filters were blocked for 1 h in 1X Tris-buffered saline buffer (TBS; 140 mM NaCl, 2.7 mM KCl, 250 mM Tris-HCl, pH 7.4), containing 5% skimmed milk and 0.2% Tween-20, followed by an overnight incubation with the anti-TFAM and anti-actin antibodies diluted 1,000-fold at 4˚C. The secondary antibody was horseradish peroxidase-conjugated anti-mouse IgG or anti-rabbit IgG (Komabiotech), diluted 5,000-fold in the blocking buffer. The detection of protein expression was visualized by enhanced chemiluminescence, according to the manufacturer's instructions (Thermo Fisher Scientific).
Materials and methods

Antibodies
Real-time quantitative reverse transcription-polymerase chain reaction (qRT-PCR).
Total RNA was extracted from frozen tissue samples or from cells using the PureHelix RNA Extraction Solution (Nanohelix, Korea). The cDNA was synthesized from total RNA with the SuperScript III First-Strand Synthesis system for qRT-PCR (Invitrogen, Grand Island, NY, USA). The qRT-PCR measurement of individual cDNAs was performed using SYBR-Green dye to measure duplex DNA formation with the StepOne Plus real-time PCR system (Invitrogen) and normalized to the expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) RNA. The following primers were used in the qRT-PCR (F, forward; R, reverse); human TFAM, F-5'-GGC A AG TTG TCC AAA GAA ACC/R-5'-GCA TCT GGG TTC TGA G CT TTA; human
RNA sequencing and RNA-Seq data analysis. Total RNA of U87-MG, U251-MG and normal brain was extracted using TRIzol reagent (Invitrogen) following the manufacturer's procedures. The total RNA quantity and purity were analysis of Bioanalyzer 2100 and RNA 6000 Nano LabChip kit (Agilent, Santa Clara, CA, USA). Roughly 10 µg of total RNA was subjected to isolate Poly(A) mRNA with poly-T oligo attached magnetic beads (Invitrogen). Following purification, the mRNA is fragmented into small pieces using divalent cations under raised temperature. Then the cleaved RNA fragments were reverse-transcribed to create the final cDNA library in accordance with the protocol for the mRNA-Seq sample preparation kit (Illumina). The average insert size for the paired-end libraries was 300 bp (± 50 bp). Next we performed the paired-end sequencing on an Illumina HiSeq 2000 system at Macrogen (Seoul, Korea) following the vendor's recommended protocol. For each sample, sequenced reads were aligned to the UCSC human reference genome (19) using the Tophat package (20) , which initially removes a portion of the reads based on quality information accompanying each read and then maps the reads to the reference genome. FPKM (fragments per kilobase of exon per million fragments mapped) were calculated to compare the expression level of TFAM mRNA variants in each sample.
Confocal imaging analysis and indirect immunofluorescence.
U251-MG cells were grown on glass coverslips until they were 50-70% confluent. After 24 h, the cells were fixed in 4% paraformaldehyde at room temperature for 10 min and permeabilized in 0.2% Triton X-100 for 5 min at room temperature. Then cells were incubated in blocking buffer containing 5% bovine serum albumin (Sigma) in 1X TBS for 1 h at 37˚C. The rabbit polyclonal anti-TFAM was diluted 200-fold for primary antibody and incubated for overnight. The secondary antibody, FITC-conjugated anti-rabbit antibody (BD Biosciences) was used. After appropriate rinsing, cover slips were mounted with Vectashield (Vector Laboratories) and visualized using a Zeiss confocal microscope.
Immunohistochemistry. The analysis of immunohistochemistry was performed as the described previously (21) . A human cancer tissue array slide with paraffin sections was purchased from Bio Max (US Biomax Inc). Histostain-Plus kits (Zymed Laboratories Inc.) were used in accordance with the manufacturer's instructions for the immunohistochemistry of tissue array. Briefly, paraffin sections were deparaffinized with xylene and rehydrated in a graded series of ethanol. The slide was submerged in peroxidase quenching solution for 10 min. After it was washed twice with PBS for 5 min, it was added with 2 drops of reagent A for blocking and incubated for 30 min. Following two washes with PBS, the primary antibody, anti-TFAM antibody, was applied at 4˚C for overnight. Then biotinylated secondary antibody, reagent B, was added after rinsing with PBS. It was incubated at room temperature for 1 h. It was rinsed with PBS and dropped with enzyme conjugated reagent C. After it was washed with PBS, DAB chromogen, and a mixture of reagent D1, D2, and D3, it was dropped, and signals were observed with a florescence microscope. Then the reaction was stopped with distilled water, and pictures were taken with a microscope.
Bioinformatics data set. Glioma data sets and corresponding clinical data were downloaded from the publicly available databases (446 cases from the Repository of Molecular Brain Neoplasia Data (REMBRANDT; http://www.betastasis.com/ glioma/rembrandt/). Normal, n=21; GBM, n=214; oligodendroglioma, n=66; astrocytomas, n=145.
Statistical analysis. Data are expressed as the mean ± SD from at least three separate experiments performed triplicate. The differences between groups were analyzed using a Student's t-test and P<0.05 was considered significant, and P<0.01 was highly significant compared with corresponding control values. Statistical analyses were carried out using SPSS software ver. 13.0 (SPSS Inc., Chicago, IL, USA).
Results
Enhancement of TFAM expression in glioblastoma cell
lines. In order to investigate the putative roles of TFAM in brain cancer, western blot analysis with anti-TFAM antibody were performed. As shown in Fig. 1A , the protein expression of TFAM is markedly increased especially in U343-MG cells and U373-MG cells compared to other cells. Analysis of quantitative real-time PCR (qRT-PCR) with glioblastoma cell lines also showed that mRNA level of TFAM is elevated in U251-MG cells, U343-MG cells and U373-MG cells (Fig. 1B) .
Transcriptional induction of TFAM mRNA in U87-MG cells and U251-MG cells.
Based on the observation of Fig. 1A and B, the mRNA levels of TFAM were also monitored by using RNA sequencing of glioblastoma cell lines. Total RNA were isolated from two cell lines (U87-MG and U251-MG) which showed the low expression of TFAM by western blot analysis and normal brain for the comparison of TFAM expression. Roughly 10 µg of total RNA was further isolated to mRNA. Representative images from two patients were shown. Scale bars, 100 µm.
Then mRNA were fragmented into small pieces, followed by the reverse-transcription of cleaved mRNA into the final cDNA library. Fragments per kilobase of exon per million fragments mapped (FPKM) were calculated to compare the expression level of TFAM mRNA variants in each sample. As shown in Fig. 2 , FPKM values were markedly higher in U87-MG cells (24.9) and U251-MG cells (66.0) than its of cerebral cortex (8.3), indicating that TFAM is transcriptionally upregulated in glioblastoma cells.
Subcellular distribution of TFAM in U251-MG cells.
In order to investigate the function of TFAM, the subcellular localization of TFAM were monitored in U251-MG cells by using immunocytochemistry. Interestingly TFAM is located to the dot-like structure close to nucleus, probably mitochondria (Fig. 3) , suggesting that the TFAM is mainly located to mitochondria in glioblastoma cells.
Positive relationship between high TFAM expression and glioblastoma tissue specimens. In order to further elucidate the previous results ( Figs. 1 and 2 ) in clinical setting, immunohistochemical analysis with human cancer tissue array were employed. As shown in Fig. 4 , tumor tissue were well stained with anti-TFAM antibody compared to surrounding normal tissues, indicating that TFAM expression is upregulated in glioblastoma patients.
The differential mRNA expression and prognostic value of TFAM was further validated in the REMBRANDT cohort.
To further evaluate the previous observation (Figs. 1-3) , the differential expression and prognostic significance of TFAM in glioma of REMBRANDT cohort (http:// www.betastasis.com/glioma/rembrandt/) were analyzed. Consistent with above mentioned analysis including tissue microarray, western blotting and RNA-sequencing, TFAM gene expression was markedly increased in various glioma (GBM, n=214; oligodendroglioma, n=66; astrocytomas, n=145) than in normal controls (n=21; one way ANOVA P<0.0001; Fig. 5 ).
Discussion
Glioblastoma multiform (GBM) is the most aggressive and common brain tumor, accounts for about 30% of all brain and central nervous system tumors with poor prognosis. During the past 10 years, the 5-year survival rate of glioblastoma patients was only 2%, and the average survival rate was 1 year (22) . However, the diagnosis for glioblastoma has not developed for a certain period of time, due to the resistance against radiotherapy and chemotherapy (23). Therefore, the putative analytical biomarkers and potential molecular targets for gliomas are immediately required to deal with this disease.
In the present study, we have identified TFAM as a new prognostic marker for GBM, which was upregulated in GBM cell line and patients tissues. It has been well established that TFAM is required for mtDNA replication and transcription (14) . TFAM has been reported to participate in the regulation of cell survival, proliferation and migration. Vascular smooth muscle cell proliferation is dependent on the upregulation of TFAM expression in damaged rat carotid artery (24) . In addition, TFAM regulates p21 (WAF1/CIP1), a critical regulator of cell cycle progression, since TFAM depletion induced p21-dependent G1 cell cycle arrest (25) . Moreover, TFAM is associated to the development and progression of malignant tumors. In this regard, TFAM mutation induced mtDNA depletion and apoptotic resistance in colorectal cancer (26) . However, TFAM function in glioma is poorly understood. Therefore we have investigated if TFAM is potentially involved in brain tumor including GBM. Interestingly, TFAM was highly expressed in glioblastoma cell lines, including U343-MG cell and U373-MG cell (Fig. 1A) . Analysis of qRT-PCR with TFAM-specific primer have indicated that U343-MG cell and U373-MG cells showed the higher expression of TFAM mRNA (Fig. 1B) compared to U87-MG cells. In addition, RNA deep-sequencing of U87-MG cell and U251-MG cells provide the evidence that FPKM of TFAM mRNA is higher in these cells compared to in normal brain (Fig. 2) .
In order to further evaluate the possible function of TFAM in brain tumor, subcellular localization of TFAM were examined in U251-MG cells. As expected, TFAM is located to the dot-like structure close to nucleus, probably mitochondria (Fig. 3) , suggesting that the mito chondria-located function of TFAM is essential for its role in glioblastoma cells. To further investigate the central role of TFAM in GBM development, tissue micro array were performed. As shown in Fig. 4 , TFAM was upregulated in glioblastoma sample. By using clinical data from REMBRANDT cohort, TFAM is greatly expressed in all glioma including GBM (Fig. 5) , clearly indicating that TFAM expression is somehow associated to the clinical prognosis of glioma. Taken together TFAM is appeared to be associated to glioma development in addition to be a new prognostic tool for glioblastoma. Figure 5 . Differential expression of TFAM mRNA in glioma specimens of the REMBRANDT cohort. The expression levels of TFAM mRNA were detected in various glioma (normal, n=21; GBM, n=214; oligodendroglioma, n=66; astrocytomas, n=145). The median value of each group is indicated as a line.
